uality improvement in cardiac care has made considerable progress over the past 30 years. During that period, there has been the development of multi-institutional databases to monitor outcomes following cardiothoracic surgery. These databases initially began using only volume and unadjusted operative (30-day) mortality as outcome criteria. There has been a progressive increase in their sophistication, with the building of risk models based on preoperative variables, which accurately predict the risk of adverse outcomes. Other outcomes have been added including risk-adjusted mortality and morbidity; efficiency outcomes such as length of stay, quality of life, functional health status, neuropsychological outcomes; and long-term outcomes.
The multi-institutional databases that have been leaders in this effort have been the Department of Veterans Affairs (VA) National Cardiac database monitored by the VA Cardiac Surgery Consultants Committee, the Society of Thoracic Surgeons (STS) National Database, the Northern New England (NNE) Database, and the New York State Database. The challenges have been implementing the use of data to improve processes of care and, thus, improve outcomes. This is frequently done at the state level and may involve round-robin visits with the learning of "best practices." All of these databases have demonstrated a statistically significant reduction in riskadjusted mortality over the past decade. This has occurred in spite of patients being older and of higher risk. Continued challenges include measuring of other outcomes, continuing this trend in improvement, and the costs associated with these databases. Others areas of monitoring in cardiothoracic surgery include congenital heart disease and general thoracic surgery. The models used for quality improvement in cardiac surgery should be easily adaptable for other areas of surgery for both monitoring of quality and improvement of care.
For more than 30 years, individual cardiothoracic surgeons, groups, and hospitals have monitored their volume and mortality statistics in an effort to continuously improve the quality of care that they render. The first large, multi-institutional monitoring of cardiac surgery quality began with the VA in 1971 with the establishment of the Cardiac Surgery Advisory Group. The VA and Congress wanted to have continual surveillance of the quality of care of cardiac surgery in the VA system and used volume and unadjusted operative mortality as measures of that quality. Takaro et al 1 published an analysis of the VA experience from 1975 to 1984 and noted that the annual volume of cardiopulmonary bypass surgery increased from 3074 in 1975 to 6455 in 1984. During that period operative mortality declined from 8.3% to 4.7%. Mortality for valve procedures declined from 10.9% to 5.9% and for coronary bypass procedures from 4.7% to 3.6%. They noted that the extent of the patients' disease accounted for most of the operative mortality, but problems related to the adequacy of myocardial protection and to surgical technique were also important factors. 1 On March 12, 1986 , the Department of Health and Human Services Health Care Financing Administration released a list of hospitals that had mortality rates for Medicare patients that were in excess of predicted mortality rates for those hospitals. They were forced to release these data because of requests through the Freedom of Information Act, although these data were originally to be used for state peer review organizations as a quality improvement tool. These mortality rates were only grossly adjusted for patient risk factors, particularly compared with present day standards. In addition, some diagnostic categories were grouped together without appropriate adjustment. The release of these data prompted the appointment of an Ad Hoc Committee on Risk Factors for Coronary Artery Bypass Surgery by the STS. This committee strongly advocated sophisticated risk-adjusted methods, noting the experience and methods of the Collaborative Study in Coronary Artery Surgery. 2 The action by the Health Care Financing Administration served as a stimulus for the STS to initiate its own cardiac surgical database with riskadjusted methods.
As noted, the Collaborative Study in Coronary Artery Surgery developed a mutlivariate discriminant analysis of both the clinical and angiographic predictors of operative mortality for coronary artery surgery. 3 In 1987, Sethi et al 4 reported on the clinical, hemodynamic, and angiographic predictors of operative mortality in patients undergoing single valve replacement based on the VA Cooperative Study on Valvular Heart Disease.
In 1987, the VA Cardiac Surgery Advisory Group, now called the VA Cardiac Surgery Consultants Committee, was also concerned with the use of unadjusted operative mortality and volume as major quality indicators for the approximately 45 VA cardiac surgery programs. Using the logistic regression method developed by the Collaborative Study in Coronary Artery Surgery investigators, under the direction of Karl E. Hammermeister, MD, the VA developed a risk model for coronary bypass and for valve and other surgical procedures. The first report of these risk variables was presented to the STS in 1989. 5 The method included capturing data on all cardiac surgery procedures performed using a singlepage data sheet including clinical risk, cardiac catheterization, operative, and outcome variables. Risk variables predictive for mortality for patients undergoing coronary artery bypass grafting were determined to be age, prior heart surgery, priority of surgery, pulmonary rales, New York Heart Functional Class, peripheral vascular disease, current diuretic use, and chronic obstructive pulmonary disease. The most common predictors of operative mortality for patients undergoing valve and other cardiac operations were age, priority of surgery, peripheral vascular disease, and great vessel repair.
Since 1987, the VA has continued to monitor mortality and morbidity using risk-adjusted methods, and some measures of efficiency such as length of stay. These data are analyzed every 6 months for each cardiac center, recalculating the risk model set developed using a logistic regression approach (with a test-retest method based on the most recent 3-year period of data). Table 1lists the variables that are significant predictors of operative mortality for coronary artery bypass graft and for valve and other procedures. The risk-adjusted outcome on resource consumption statistics is also summarized and presented at semiannual meetings of the VA Cardiac Surgery Consultants Committee. The blinded, confidential reports are also transmitted to each of the following personnel: cardiac surgical program director, chief of surgery at each VA medical center, each VA hospital medical director and chief of staff, and the regional directors. Although this is a top down-driven program with a mandate to monitor quality, the feedback of data and consultation services supplied by the VA Cardiac Surgery Consultants Committee creates more of a continuous quality improvement environment rather than a quality control monitoring and enforcement program. At this point, more that 90000 patients have been enrolled in the VA database. There has been a statistically significant reduction in risk-adjusted operative mortality over the past 10 years. 6 Although there are many factors that have likely contributed to the improved outcomes such as better myocardial protection and surgical techniques, the feedback of data to the individual programs and also the proactive reviews performed by the VA Cardiac Surgery Consultants Committee as outside consultants has also very probably made a contribution.
In 1989, the STS similarly developed a voluntary riskadjusted database in an effort to help members assess the quality of care in their individual practices and affiliated hospitals, with the goal of having accurate data with sophisticated risk-adjustment techniques. Under the guidance and leadership of Richard Clark, MD, one objective was to counterbalance the release of unadjusted or poorly adjusted and often inaccurate and misleading mortality data compiled by other organizations and agencies. 7 This database initially used the Bayes theorem as its risk-adjusted method. 8 Approximately 5 years ago logistic regression modeling was begun as the primary riskadjustment tool with all risk models recalculated back to 1990 using this more contemporaneous approach. 9 Data for more than 1.6 million cardiac surgical patients have been entered into the STS database and have demonstrated a significant reduction in operative mortality over the past 10 years. The STS uses 217 core fields and 255 extended fields. There are 176 variables for all cases and an additional 8 for coronary artery bypass graft, 6 for valve replacement, 10 for prior intervention, 16 for minimally invasive surgery, 11 for other cardiac procedures, 4 for other noncardiac procedures, and 29 for complications. 10 The variables that are significant predictors of operative mortality for coronary artery bypass surgery in the STS model are listed in Table 2 . Risk factors for mortality following a valve replacement and valve and coronary artery bypass graft are listed in Table 3 .
11,12
One of the major differences between the VA and the STS databases, in addition to one being mandatory and the other being voluntary, respectively, is the fact that only 1% of the VA population is female and 29% of the STS population is female. In addition, the VA serves a mostly uninsured population that generally has a significantly lower baseline quality of life as measured by the 36-Item Short-Form Health Survey. †The learning sample was 11 029 with 368 deaths (3.3%); the learning sample C-index equals 0.758; test sample C-index equals 0.748; the constant equals −11.246; and the mean incidence of condition in the 3-year data set, 64.0 years. ‡To convert to micromoles per liter in Système Internationale units multiply by 88.4. §The New York Heart Association (NYHA) functional classes are as follows: I, patients have cardiac disease but without resulting limitation of physical activity and ordinary physical activity does not cause undue fatigue, palpitation, dyspnea, or anginal pain; II, patients have cardiac disease resulting in slight limitation of physical, they are comfortable at rest, and ordinary physical activity results in fatigue, palpitation, dyspnea, or anginal pain; III, patients have cardiac disease resulting in marked limitation of physical, they are comfortable at rest, and less than ordinary physical activity causes fatigue, palpitation, dyspnea, or anginal pain; and IV, patients have cardiac disease resulting in an inability to carry on any physical activity without discomfort, symptoms of cardiac insufficiency or of the anginal syndrome are present even at rest, and if any physical activity is undertaken, discomfort is increased.
The Canadian Cardiovascular Society classes are parallel to the NYHA functional classes with the addition of angina. They are as follows: I, angina may occur with strenous, rapid or prolonged exertion; II, angina may occur with moderate activity; III, angina may occur after walking 1 or 2 blocks on the level at a normal pace; and IV, angina may be present at rest.
¶The learning sample was 2562 with 248 deaths (9.7%); the learning sample C-index equals 0.737; test sample C-index equals 0.731; the constant equals −8.866; and the mean incidence of condition in the 3-year data set, 65.6 years.
initially reported on its study of in-hospital mortality following coronary artery bypass grafting performed between 1987 and 1989 at the 5 medical centers in Maine, New Hampshire, and Vermont. The study included 3055 patients and was risk adjusted. After adjusting for the preoperative patient variables, there were statistically significant differences among medical centers and among surgeons. 14 The NNE group has used their data for internal benchmarking and peer review to improve the quality of care.
The NNE group instituted regular round-robin site visits for feedback on outcome data and training in continuous quality improvement techniques for their centers and participating physicians. O'Connor and his colleagues in the NNE group 15 compared the observed with expected hospital mortality ratios prior to intervening with the above site visit and quality improvement methods and afterwards. Following the intervention, there was a 24% reduction in deaths that was statistically significant. This reduction was consistent across patient subgroups and was related to the timing of the interventions. They, therefore, concluded that a multi-institutional regional model for improvement in cardiac surgical care was feasible and effective. 15 The New York State Department of Health began collecting prospective clinical data on all patients undergoing cardiac surgery in 1989. These data are reported to the Cardiac Surgery Reporting System and the program is overseen by the Cardiac Advisory Committee of New York State. The major purposes of the registry are to provide information to hospitals to aid them in assessing and improving their quality and appropriateness of care, to assist the New York State Department of Health in quality improvement activities, and to provide consumers with information that could aid them in selecting providers of cardiac surgery. In the process of doing this, New York State has developed a sophisticated risk-adjustment model under the direction of Edward L. Hannan, PhD. In their initial report in 1990, 16 they found 4 of 28 hospitals to have a significantly higher mortality rate than expected using 95% confidence intervals. The authors note that subsequent site visits and medical record reviews to these centers confirmed quality of care problems among those cases that resulted in death. In a follow-up report in 1994, Hannan et al 17 noted that the actual mortality decreased from 3.52% in 1989 to 2.78% in 1992 and that there was an increase in severity of patient disease. This resulted in an even greater decrease in risk-adjusted mortality of 41%, from 4.17% in 1989 to 2.45% in 1992. They concluded that the collection and dissemination of mortality data played a significant role in this decline in mortality and that these types of quality improvement programs should be generalized to other procedures and conditions. Of further interest from New York State's efforts is the fact that all groups of providers demonstrated large reductions in risk-adjusted mortalities, but the groups that had the highest initial mortalities had the most improvement. Also the volume of surgical operations for the various groups did not substantially change in that 4-year period. 18 The STS has strongly encouraged state activities as the best method of taking data from the database back to the local surgeons and their colleagues to implement improving processes and, thus, the quality of care. The first state to implement this on a voluntary basis was Minnesota, which in 1993 organized the Minnesota STS and the Minnesota Cardiac Surgery Database. 19 This database was organized largely in response to a third-party payer demand for data about practice protocols and patient outcomes and was an effort to develop one tool to satisfy those needs for the third-party carriers, but also as a quality improvement tool for the 46 cardiothoracic surgeons and more than 14 institutions. This group established round-robin site visits with 2 purposes-to learn from each other and to validate data completeness and accuracy between institutions. The analysis is performed for the STS National Database by the Duke Clinical Research Institute, Durham, NC, and reports are generated for review quarterly. Data remain confidential because the hospitals are blinded to each other's results.
The state of California has 2 parallel data collection systems in an effort to improve quality. 20 The Cali- fornia passed a law mandating public reporting of hospitaland surgeon-specific mortality outcomes for coronary artery bypass procedures. Many of the surgical groups and hospitals are also participating in the STS National Database and the California STS Database. The STS National Database and Duke Clinical Research Institute provide the California STS with state-specific reports with blinded hospital risk-adjusted mortality rates. State members are using these reports not only for quality assur- 11 †Data are given as percentages for categorical variables; means for continuous variables. ‡This model contains a linear spline for age with cutoff points at ages 50 and 75 years. It also contains 2 interaction terms: age by MVR and age by emergent and salvage statuses. As such, the odds ratio associated with age refers to a 50-to 74-year-old undergoing arterial valve replacement whose status was either elective or urgent. The odds ratios for MVR, emergent status, and salvage status vary according to age. Ellipses indicated not applicable.
§For an explanation of the functional classes see Table 1 , footnote 4. This model contains a linear spline for age with cutoff points at ages 50 and 75 years. It also contains 5 interaction terms: age by prior cardiac operation(s), MVR by prior cardiac operation(s), MVR by pulmonary hypertension, MVR by salvage status, and MVR by peripheral vascular disease (PVD). As such, the odds ratio indicates the following: age, to a 50-to 74-year-old patient with no history of cardiac operations; pulmonary hypertension, salvage status, and PVD, to a patient receiving an arterial valve replacement; MVR, to a patient who does not have pulmonary hypertension, salvage status, PVD, or a history of cardiac operation(s); the prior cardiac operation(s), varies according to age.
(REPRINTED) ARCH SURG/ VOL 137, JAN 2002 WWW.ARCHSURG.COM 32 ance in their own institutions, but also to compare the quality of their performance with their peer group. They are also using the STS National Database reports as a way of checking on the accuracy of the CCMRP report, which has just been released to the public. Approximately 5 to 6 years ago the STS leadership urged the State of California Office of Statewide Health Planning and Development/ Pacific Business Group on Health/CCMRP to use STS national data and to serve as the auditors of those data to ensure a high degree of accuracy and consistency in completeness. This offer was turned down by the CCMPR that preferred to continue with this parallel, yet costly, endeavor with much less statistical power than the large STS National Database. They are, however, using many of the STS's variables and definitions, and the STS and CCMRP are endeavoring to cooperate with each other to ensure the highest level of accuracy in the California reporting. It would, however, be most efficient if the 2 could work together using the STS's National Database with the state supporting auditors to assess the quality of the data entry. That level of cooperation would most likely result in more current and accurate reports that are statistically more valid and meaningful and with more "buy-in" from the surgeons in the process.
Colorado, Iowa, Alabama, and Minnesota are participating in a clinical research study funded by the Agency for Healthcare Research and Quality to evaluate the effectiveness of feedback of data from the STS's databases on quality improvement in these states. Incorporated into this Agency for Healthcare Research and Quality grant is education on certain processes of care with follow-up of utilization of these processes and their potential effect on outcomes. This study involves the production by the STS National Database-Duke Clinical Research Institute of state-specific reports with each of the hospitals blinded for the various preoperative risk factors and outcome variables. These data are reviewed in regular state meetings and discussed. There are round-robin site visits where a multidisciplinary cardiac surgical team from one hospital visits another sharing ideas for best practices and processes of care. In addition, data managers from the different hospitals visit each other and audit each other's data to check on data completeness and consistency in definition and interpretation. 10 New Jersey and Massachusetts are using the STS's National Database for state reports and for monitoring of quality. Similarly, the STS would like to explore areas for collaboration with the NNE Database and the New York State Database in the future.
Most of the activity described herein involves the measurement of operative mortality and morbidity. Other areas that need to be explored include measurement of quality of life, functional health status, longitudinal or long-term follow-up, cost and efficiency, and the outcome measurements of different processes of care. Some work had been accomplished in these areas, but much remains to be done. Rumsfeld and his colleagues 21 in a review of VA data, found that the physical component of quality of life as measured by the preoperative 36-Item Short-Form Health Survey was a statistically significant risk factor for 6-month risk-adjusted mortality following coronary artery bypass surgery. Specifically, a 10-point lower 36-Item Short-Form Health Survey physical component summary score had an odds ratio of 1.39 for predicting mortality. This indicates that a significant lower quality of life can lead up to an almost 40% increased risk of death following coronary artery bypass holding all other factors constant. Both the STS's and the VA's databases are measuring preoperative, postoperative, and total lengths of stay as a surrogate for the measurement of cost and efficiency. This is in the process of being risk adjusted and then each hospital will be better able to compare where they stand with their peers.
There are several studies that have been generated from both the VA's and STS's databases on the effect of varying processes on outcomes. Two examples of these are the studies on the use of the internal mammary arteries, 22, 23 which revealed a significant reduction in riskadjusted operative mortality when the mammary artery was used to perform at least one of the coronary artery bypasses (Figure 1) .
Recently, both the VA's and the STS's database committees have tried to respond to the increasing array of new technology by measuring the effect of such technology on the outcomes. An example of this is the measurement of mortality and morbidity following offpump coronary artery bypass compared with on-pump coronary artery bypass. 24, 25 The use of off-pump resulted in an approximately 40% reduction in riskadjusted operative mortality in the VA's and 20% the STS's systems (Figure 2) . These data must be interpreted cautiously, however, because both of these studies are from observational databases and it is well known that there is considerable case selection and the risk-adjusted method may not completely control for the case selection bias that has likely occurred. Nevertheless, the difference is of such magnitude that it is compelling data to justify a prospective randomized study. Such a study has just been funded by the VA Cooperative Studies Program and is scheduled to start with patient accrual in early 2002.
One of the most important and dramatic effects of all of these cardiac surgical databases and quality improvement initiatives has been the uniform demonstra- Odds ratios for operative death for patients undergoing coronary artery bypass grafting in the Veterans Affairs' system with the use of at least one internal mammary artery as a conduit compared with those bypassed using veins only. Note the decrease of 22% to 28% in risk-adjusted mortality during 2 different periods for those patients undergoing bypass with an internal mammary artery. Reproduced with permission from the Society of Thoracic Surgeons. tion of improvement in risk-adjusted outcomes over the period that they have been implemented. This has been seen in the VA's, STS's, New York State's, and NNE group's efforts. In isolated coronary artery bypass grafting, the unadjusted operative mortality in the VA decreased from 4.3% in 1989 to 2.7% in 2000, the observed-to-expected mortality ratio over that period has decreased from 1.0 to 0.82 (P=.008) (Figure 3) . The STS has also seen a decrease in operative mortality from 3.8% in 1991 to 2.7% in 2000 and a decrease in the observed-to-expected mortality ratio from 1.5 to 0.9 (PϽ.001) (Figure 4) . 6 There are many factors that have contributed to the improvement in outcomes. One of these may well be the collection of risk-adjusted outcome data and the feedback of data to the cardiac surgical team calling their attention to areas in need of improvement. For example, there has been an increase in the use of the internal mammary artery as a conduit since the publication of the STS's and VA's reports 22, 23 showing the improved survival with its use. There are many other factors that have no doubt contributed, such as improved myocardial protection and improvements in technology, examples being off-pump coronary artery bypass surgery, better anesthesia, and critical care monitoring techniques. The bottom line, however, is that whatever the reason, the operation is safer despite the fact that the patients are higher risk, as demonstrated by all of the databases.
CHALLENGES
One of the major challenges for multi-institutional databases, which are necessary components of quality improvement programs, are the new Health Insurance Probability and Accountability Act of 1996 regulations regarding confidentiality. To perform any longitudinal follow-up, some form of patient identifier will be necessary and to improve efficiency and early feedback of data, the use of the Internet would be desirable. It is hopeful that these regulations will not be so burdensome as to impede progress with data collection, which can be used to improve quality. It is important that all of the medical and surgical specialties work together to educate government officials regarding the importance of reasonable legislation, rules, and regulations that protect patient confidentiality but do not go so far as to impair our quality improvement tools. The STS is in the process of incorporating patient consent for encrypted core data collection and transmission of patient data for quality improvement and longitudinal follow-up. However, the patient consent process may lead to some patients refusing, which could bias data and have a negative effect on the accuracy and reliability of the data for use in quality improvement.
Another challenge is maintaining the high quality of data submitted. New York State audits data as do the NNE group and several of the STS's regional groups including Minnesota, Colorado, Iowa, and Alabama that perform round-robin site visits to audit data completeness and accuracy. The VA has the added advantage of having several parallel databases that can be used to verify the accuracy of its national cardiac surgery database. Outside of the states mentioned earlier, the STS relies largely on data software checks and checks for completeness and outliers for various risk factors and outcome variables in the Duke Clinical Research Institute quality checks. The STS has developed thresholds for mortality and morbidity both high and low, which produce queries to the local groups when they fall out of range. A major effort has been made in the education of data managers and surgeons with regard to definition variables and the importance of data completeness and quality. This has resulted in a progressively higher completion rate and consistency in the interpretation of definitions.
Other challenges are to encourage surgeons and other health care providers on the cardiac surgical team to use these data and to turn them into action for improving quality. This is always a major challenge and the STS and the VA continue to try to improve feedback to the local providers in an effort to call their attention to the data in the hopes that it will be used constructively. The effectiveness of this feedback reporting concept is a major hypothesis being tested by the Agency for Healthcare Research and Quality grant to the STS.
Cardiac surgery databases are also a valuable tool for affecting health care policy and relationships with government, the insurance and health maintenance organization industry, and large purchasers of health insurance. For example, both the VA's and STS's databases have found that there is a broad range of cardiac surgery volumes that can be performed with excellent outcomes. A minimum threshold for volume of surgery is unlikely to produce actual outcomes that are lower than expected. 26, 27 This lack of a documented volume relationship has led both the STS and the VA Cardiac Surgery Consultants Committee to make a strong case to government, third-party carriers, and state regulatory agencies to evaluate cardiac surgical programs on their outcome performance rather than on the volume of surgical cases. Measuring outcomes such as postoperative length of stay and relating the current cardiac surgical database to cost databases, could lead to decreasing costs that will be a benefit not only to the local providers and hospitals but also to the government and third-party carriers.
The STS serves as an example of a professional society working with government on follow-up of specific devices after they have been released by the Food and Drug Administration. The STS with its partnering with the Food and Drug Administration is following up on transmyocardial revascularization after market release. In addition, there is an opportunity for partnering with industry to determine outcomes related to their products across a representative group of medical centers. All of these activities should ultimately lead to better patient care.
For many years, the STS has been developing a general thoracic surgical database. Initially, there was a simplified form during the early years of the database. More recently, because of the efforts of Mark Orringer, MD, David Harpole, MD, and Bill Putnam, MD, and their committee members, a relatively simplistic data form has been developed for patients generally having several thoracic procedures and includes preoperative risk factors, operative-specific data, and outcomes including mortality and morbidity and length of stay (http://www.sts.org). This has been placed at beta-test sites. Inexpensive software is being developed internally and is due to be released in 2002, allowing members to store their own data on desktop computers. Following completion of software development and further experience with beta testing, data will then be transmitted to the Duke Clinical Research Institute on either an annual or semiannual basis for analysis so that members will be able to compare their experience and outcomes in general thoracic surgery with the national cohort.
In a similar fashion, the Congenital Database Subcommittee under the leadership of C. Mavroudis, MD, has developed a data dictionary with complete description of the definitions for the multiple variations of congenital defects. 28 This has been an international effort sponsored by the STS. There is a simple core data set being collected, but also software has been developed for a complex data set for higher volume centers.
SUMMARY
As noted earlier, there has been considerable activity with evolution and development of quality improvement activities in the cardiothoracic surgical community using multi-institutional databases, allowing surgeons to compare their results to local, regional, and national peer groups. Most commonly reported in a blinded, confidential manner, these data are regularly distributed to the surgeons and their teams allowing them to identify areas for improvement. In addition to risk-adjusted morbidity and mortality outcomes, various processes are measured and the utilization of these processes compared with the national peer group. These databases have also allowed for the implementation of multiple research studies resulting in publication and dissemination of information that, very likely, has led to improved quality of care.
The challenges that remain ahead are to collect long-term outcome data and data related to quality of life, disease-specific symptoms and their relief, freedom from further revascularization procedures, and cost. The opportunity for collaboration with industry, government, and third-party carriers is considerable-it is hoped that by partnering with outside agencies such as these even further improvements in quality of care can be achieved. These quality improvement activities in cardiothoracic surgery can and should be applied to other specialties of surgery. 
